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Torsional osillations of a free-standing semiondutor beam are shown to ause spin-dependent
osillating potentials that spin-polarize an applied harge urrent in the presene of intentional or
disorder sattering potentials. We propose several realizations of mehanial spin generators and
manipulators based on this piezo-spintroni eet.
PACS numbers: 71.70.Ej,71.70.Fk,72.25.-b,85.85.+j
The eld of spintronis omprises the searh for novel
logi and sensing devies that employ the eletron spin
degree of freedom by (exess) spin generation and ma-
nipulation [1℄. In the onventional approah spins are
injeted into normal ondutors by ferromagneti metals
using an applied eletrial bias. An alternative method
is the spin-pumping by a moving magnetization [2, 3℄.
A net-spin generation is possible without involving fer-
romagnets at all by making use of the spin-orbit inter-
ation, e.g. by a time-dependent gate ating on a two-
dimensional eletron gas [4, 5℄, or the spin Hall eet
[6℄.
Spin-transfer by spin-ip sattering in metal stru-
tures auses mehanial torques [7, 8, 9℄. Mal'shukov
et. al. [10℄ predit that a spin-polarized urrent an
indue torsional vibrations in a semiondutor beam by
strain-indued spin-orbit interation. The same authors
speulate about a possible reverse eet, viz. that me-
hanial motion ould indue a spin-polarized urrent.
In this Letter, we propose a nano-eletro-mehanial
system (NEMS) that generates spins by the oupling
to torsional osillations of a free-standing semiondutor
bridge/beam/rod that is atuated, e.g., by magnetomo-
tive [7, 11℄, eletrostati [12℄ or piezoeletri [13℄ fores.
Subjet to an osillating strain, the spin-orbit interation
in the semiondutor generates a spin splitting whih, in
the presene of a bias, leads to a spin urrent. In analogy
with piezo-eletriity, in whih elasti strain indues free
harges, this an be termed a piezo-spintroni eet. We
illustrate the physial priniple by a onduting wire in
the eletri quantum limit in whih only a single quan-
tized subband is oupied. Subsequently, we generalize
the results to the multi-hannel ase. We also demon-
strate by numerial simulations that the eet survives
the disorder that an be expeted in real systems and
disuss the onditions under whih it an be observed.
Let us onsider a beam with length L and retangular
ross setion of width d and thikness a (L≫ d(a)) (see
Fig 1) that onnets two semi-innite onduting reser-
voirs. Results an be easily generalized to axially sym-
metri rods suh as atalytially grown nanowires [14℄.
The onduting material is a semiondutor that is grown
Figure 1: A beam onsisting of a semiondutor and insulator
parts (semiondutor layer of thikness a/2 is on top of insu-
lator layer of the same thikness) is exited by some external
soure into torsional osillations. A voltage is applied over
the devie in order to detet the mehanially indued spin
splitting.
on top of a dieletri. Without loss of generality we as-
sume here a struture onsisting of a onduting medium
on top of an insulator both being a/2 thik. The lead-
ing modiation of the ondution band Hamiltonian of
a semiondutor due to lattie strain reads [15℄:
ĤSO =
~
2
2m∗
{γ [σy(uxykx − uyzkz) + σz(uyzky
−uzxkx) + σx(uzxkz − uxyky)] + β [σyky(uzz − uxx)
+ σzkz(uxx − uyy) + σxkx(uyy − uzz)] +H.c.} ,
(1)
where m∗ is the eetive mass, uij are elements of the
strain tensor, and σi are Pauli matries. By fousing on
narrow-gap semiondutors, we may disregard the terms
proportional to the small parameter β [15℄.
We are interested in the lowest energy vibrations of
the beam that an be desribed by an isotropi elasti
ontinuum model [17℄. Elasti exural (bending) modes
ause only diagonal uii strains that ouple to the ele-
trons only via the small β term (see Eq. (1)) [10℄. The
strain due to torsional (twisting) vibrations is given by
[17℄:
uzy = τ(y, t)
∂χ
∂x
; uxy = −τ(y, t)
∂χ
∂z
; uzx = 0, (2)
where τ(y, t) = ∂ϕ/∂y is the derivative of the torsion
2angle ϕ with respet to y. The funtion χ haraterizes
the ross-setion geometry of the beam and depends here
only on x and z. It satises the equation ∆χ = −1 with
vanishing boundary onditions [17℄. We adopt the thin
plate geometry a ≪ d whih leads to χ(x, z) ≈ −(x2 −
a2/4)/2 and the Hamiltonian:
ĤSO =
~
2
2m∗
[γxτ(y, t) (σykz − σzky) +H.c.] . (3)
Eq. (3) is similar to a Rashba spin-orbit Hamiltonian;
however, eletrons an move here in three dimensions and
the oupling strength is time and position dependent.
We now turn to the lowest eletroni subband limit,
disregarding intrinsi spin-orbit interation, e.g. Rashba
type, and assuming that the strain indued perturba-
tion is weak. The free-eletron lowest energy states
read Ψ(x, y, z) = R0(x, z)Φ(y), where R0(x, z) ∼
sin(πz/d) sin(2πx/a) is the lowest subband and Φ(y) is a
spinor funtion. The projeted one-dimensional Hamil-
tonian then reads:
Ĥ1D(y) =
~
2
2m∗
(
ky −
γτ(y, t)a
4
σz
)2
+ V (y), (4)
where V (y) is the potential due to impurities and we
disregarded terms ∽ (γτ)2. Eletrons with up and down
spins turn out to be unoupled and subjet to eetive
vetor potentials of opposite sign, A = ±~
γτ(y, t)a
4
y.
Sine ∇×A = 0, this vetor potential does not desribe
an eetive magneti but a spin-dependent eletri eld:
E = −σz
~γa
4
∂τ
∂t
y. (5)
The equation of motion for the torsional angle ϕ (y, t) of
the beam reads
C
∂2ϕ
∂y2
− ρI
∂2ϕ
∂t2
= 0, (6)
where I =
∫
(z2 + x2)dzdx ≃ ad3/12 is the moment
of inertia of the ross-setion about its enter of mass,
ρ the mass density and C is an elasti onstant de-
ned by the shape and material of the antilever. C =
1
3µda
3
for a plate with a ≪ d, and µ is the Lamé
onstant. The general solution of Eq. (6) is a plane
wave ϕ = ϕ0e
iωt±iky
, where k = ω/c is the wave num-
ber, c = 2cta/d =
√
C/(ρI), and ct =
√
µ/ρ is the
sound veloity. Throughout this paper, we onsider
a doubly-lamped beam in whih the lowest harmoni
ϕ = ϕ0 sin(ky) sin(ωt) is exited, where ω = ck and
k = π/L is the wave number (see Fig. 1). The stand-
ing mehanial wave reates an osillating eletri eld
E = ∂A/∂t that is exatly out of phase for spin-up
and spin-down eletrons. In the Born-Oppenheimer ap-
proximation, the strain indues a parametri potential
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Figure 2: Maximum spin-polarization in units of the eetive
splitting U0/EF as a funtion of the width of the eletron
waveguide in Fig. 1. The frequeny of the mehanial osil-
lations ω = 10GHz whih orresponds to U0/EF = 2 × 10
−4
(length of the rod L = 1µm, Fermi length λF = 30nm, the
delta funtion strength υ2m∗/~2 = 0.4EF and m
∗
= 0.06m).
U(y) =
~γaωϕ0
4
sin(
π
L
y) cos(ωt) (f. Eq. (5)) that is
adiabatially followed by the eletrons.
The strain-indued potentials ±U(y) vary only slowly
and do not yet spin-polarize a harge urrent signif-
iantly. However, defet sattering strongly amplies
the piezo-spintroni eet, as illustrated now by a sin-
gle short-range potential satterer V (y) = υδ(y − L/2)
loated in the middle of the beam. Disregarding the small
intrinsi eet aused by ±U(y), the probability that an
eletron with Fermi wave number kF is transmitted by
the satterer reads:
T↑(↓) =
2(~2k2F /2m
∗ ± U0 cos(ωt))
2(~2k2F /2m
∗ ± U0 cos(ωt)) + υ
2m∗/~2
, (7)
where U0 =
~γaωϕ0
4
. Aording to the Landauer on-
dutane formula, the spin polarization of a harge ur-
rent beomes:
P =
T↑ − T↓
T↑ + T↓
=
U0(υ
2m∗/~2) cos(ωt)
EF (2EF + υ2m∗/~2)− 2U20 cos
2(ωt)
,
(8)
where the Fermi energy EF = ~
2k2F /2m
∗
. The spin-
polarization osillates in time with the beam vibration
frequeny.
Generalization to a multihannel wire is failitated by
the following gauge transformation
ψ = eif(x,y,t)σ̂zψ′ (9)
with eif(x,y,t)σ̂z = 1̂ cos(f) + iσ̂z sin(f), whih leads to
the transformed Hamiltonian:
Ĥ ′SO = e
−if(x,y,t)σ̂zĤSOe
if(x,y,t)σ̂z + ~
∂f(x, y, t)
∂t
σ̂z ,
(10)
3Ĥ =
~
2
2m∗
(
kx +
∂f(x, y, t)
∂x
σ̂z
)2
+
~
2
2m∗
(
ky − γτ(y, t)xσz +
∂f(x, y, t)
∂y
σ̂z
)2
+
~
2
2m∗
(kz + γτ(y, t)x(− sin(2f)σy + cos(2f)σx))
2
+~
∂f(x, y, t)
∂t
σ̂z
(11)
It is onvenient to hoose
∂f(x, y, t)
∂y
= γτ(y, t)a/4. We
allow many oupied subbands along the z axis but re-
strit onsiderations to the lowest subband along the x
axis, whih is the ase for a laterally weakly onned two-
dimensional eletron gas. After projeting Eq. (10) to
the lowest mode in the x diretion, we obtain the follow-
ing two-dimensional Hamiltonian:
Ĥ2D =
~
2k2y
2m∗
+
~
2
2m∗
[
kz +
γτ(y, t)a
4
(
− sin(2f)σy
+cos(2f)σx
)]2
+ U(y)σ̂z + V (y, z)
,
(12)
where U(y) = ~
∂f(y, t)
∂t
=
~ωL
lso
sin(
π
L
y) cos(ωt),
γτ(y, t)a
4
=
π
lso
cos(
yπ
L
) sin(ωt). lso =
4L
γϕ0a
an be
interpreted as a spin preession length and V (y, z) de-
sribes two-dimensional disorder sattering. τ(y, t) is
here still arbitrary, but we limit our attention to the low-
est vibrational mode as before.
The terms proportional to σx(y)kz in Eq. (12) indue
subband transitions; however, these do not aet trans-
port when the preession length lso is larger than the
width of the hannel. In the limit of a long and nar-
row beam, we may again treat the time dependene of
the Hamiltonian Eq. (12) parametrially in terms of
the frequeny ω. In the limit △so
d
lso
≪ U0 =
~ωL
lso
,
we an further simplify Eq. (12) by disregarding sub-
band transitions. A simple short-range wall potential
V (y, z) = υδ(y − L/2) does not lead to subband transi-
tions either. Our system then redues to a olletion of
independent hannels, whih lead to a total spin-urrent
polarization
P =
M∑
m
(Tm↑ − Tm↓)
/ M∑
m
(Tm↑ + Tm↓) , (13)
where m is the index and M the total number of trans-
port hannels. Here,
Tm↑(↓) =
2(k2m/2m
∗ ± U0 cos(ωt))
2(~2k2m/2m
∗ ± U0 cos(ωt)) + υ
2m∗/~2
, (14)
where km is the wave number of an eletron in the hannel
m at the Fermi energy. In Fig. (2), we present results
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Figure 3: Spin-urrent polarization in units of the splitting
parameter U0/EF as a funtion of time for the torsional osil-
lations of the rod in Fig. 1. The dashed line gives the results
aording to Eq. (13), whereas the bold line represent the
results of numerial simulations based on the tight binding
model. Parameters are the same as in Fig. 2.
of Eq. (13) for the maximum mehanially indued spin-
urrent polarization as a funtion of the beam width. The
dashed line in Fig. (3) are the results of Eq. (13) for the
spin-polarization as a funtion of time.
The idealized model above allowed us to illustrate the
physis of piezo-spintronis. We now onsider a more re-
alisti model, inluding many eletron modes, subband
mixing and arbitrary forms of the potential V (y, z). We
numerially alulate the sattering matrix using the re-
ursive Green's funtion tehnique and the tight-binding
representation of the Hamiltonian (12):
H =
∑
ijσ
ǫijσc
†
ijσcijσ + t
∑
ijσ
(
c†i+1jσcijσ + c
†
ij+1σcijσ
)
−itso
∑
ijσσ′
(
c†i+1jσcijσ′ (− sin(2f)σy)
σσ′
+c†i+1jσcijσ′ (cos(2f)σx)
σσ′
)
+H.c.
,
where ǫijσ is the on-site energy that inludes V and
U , t = ~2/(2m∗b2) is the hopping energy and tso =
~
2/(2lsom
∗b) is the hopping energy due to the spin-orbit
interation, in terms of the tight-binding lattie spaing
b. The bold lines in Fig. 3 display our numerial results
for the polarization as a funtion of time for the short-
range wall potential used above. We nd good agreement
with the analytial results for large aspet ratios of the
beam, as expeted. Deviation from the analytial results
beome notieable when △so ∽
~ωL
d
.
Finally, we model the potential V (y, z) by on-site An-
derson disorder with energies distributed over a band
width W . The beam is represented as a 150 × 9 dis-
rete lattie and an ensemble averaging over 20, 000 im-
purity ongurations is arried out. A single realiza-
tion (without averaging) behaves similar to our single
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Figure 4: Spin-urrent polarization in units of the eetive
splitting U0/EF as a funtion of time for the torsional osil-
lations of the beam in Fig. (1). Parameters are the same as
in the gures above.
defet result in Fig. 3. Averaged results are presented
in Fig. 4. The Anderson disorder strength an be
measured by an eetive 2D mean free path [18℄ as
l2D = (6λ
3
FE
2
F )/(π
3a2W 2). Here we onsider l2D = 8L;
3.6L and 2L. When the Anderson disorder is weak, the
spin polarization is almost a harmoni funtion of time.
We may onlude that the piezo-spintroni eet is very
robust, persisting in a disordered system, onrming the
qualitative behavior of the analytial model with one
dominating defet satterer.
The hoie of parameters above is motivated by the
following estimates made for a silion antilever of size
a × d × L = (0.05 × 0.15 × 1)µm. The resonant fre-
queny is ω = ctπ/L = 10GHz, using the density
of silion ρ = 2 × 103 kgm−3 and the Lamé onstant
µ = 100GPa. The maximum angle of torsion ϕ0 an
be estimated by equating the energy dissipation during
a yle 2πϕ20C/(QL), where Q is the mehanial qual-
ity fator, with the energy input rate ϕ0T, where T is
the atuating torque applied at the enter of the beam.
Eletrostati torques of T ∼ 10−12÷10−15Nm have been
already realized [12℄. Taking Q = 500, T = 10−15Nm
and C = 10−18Nm2, we nd ϕ0 = 0.2 rad. The orre-
sponding spin-orbit preession length is lso = 1µm and
the spin splitting is U0 =
~ωL
lso
≈ 6 × 10−6eV, using
the bulk strain-spin-orbit oupling parameter for GaAs
γ = 2×108m−1 [15℄ whih is not expeted to be aeted
strongly by the nite struture onnement [16℄. This
leads to polarizations of the order of P ∼ 10−4. In the
presene of an applied DC voltage, the mehanial mo-
tion generates AC spin urrent. Alternatively, one an
apply AC voltage synhronized with the mehanial mo-
tion to obtain a DC spin urrent. The thus reated spin
aumulation an be deteted by e.g. a ferromagneti
side ontat [19℄ or by the optial Kerr rotation [20℄.
In order to inrease the polarization, one an use semi-
ondutors with lower doping (smaller Fermi energy).
The width of the rod an be tuned to apture the reso-
nant features in Fig. 2. Rods with higher quality fators
an have larger amplitude of osillations leading to higher
polarizations.
Summarizing, we propose a piezo-spintroni eet that
is based on strain-indued oupling of the eletron spin
degree of freedom and mehanial vibrations in free
standing semiondutor nanobeams. We show that time-
dependent strain due to torsional mehanial osillations
an lead to a measurable spin polarization of an applied
harge urrent. Mehanially generated spin-dependent
potentials (mehanially-indued Zeeman splittings) an
be also used for the manipulation of an applied spin ur-
rents. We propose ways to measure and inrease suh
mehanially generated polarization that an be used for
eetive spin injetion in spintroni based devies.
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